To investigate the relationship between myopia and macular thickness, as measured by optical coherence tomography. METHODS. A total of 143 normal subjects comprising 80 eyes with high myopia (spherical equivalent [SE] Ͻ Ϫ6.0 D), 37 eyes with low to moderate myopia (SE between Ϫ6.0 and Ϫ0.5 D), and 26 nonmyopic eyes (SE Ͼ Ϫ0.5 D) were analyzed in this cross-sectional study. Total average, foveal, and inner and outer average macular thicknesses measured by the StratusOCT (Carl Zeiss Meditec Inc., Dublin, CA) were compared among the three diagnostic groups. Associations between macular thickness and refractive error/axial length were evaluated by linear regression analysis. RESULTS. The minimum foveal and average foveal (1-mm ring on the OCT retinal thickness map) thicknesses were significantly greater, and the outer ring macular (3-6-mm) thicknesses significantly lower in the high myopic eyes than in the low to moderate myopic and nonmyopic eyes. No significant difference was found in the inner ring (1-3-mm) macular thickness measurements among the groups. There was a positive correlation between the axial length and the average foveal thickness (r ϭ 0.374, P Ͻ 0.001). Negative correlations were found between axial length and the average outer ring macular thickness (r ϭ Ϫ0.471, P Ͻ 0.001) and total average macular thickness (r ϭ Ϫ0.311, P Ͻ 0.001). CONCLUSIONS. Retinal thickness is related to refractive error/ axial length in normal subjects with regional variations in correlation within the 6-mm macular region. Analysis of macular thickness in the evaluation of macular diseases and glaucoma should be interpreted only in the context of refractive errors and the location of measurement. (Invest Ophthalmol Vis Sci.
M yopia is a very prevalent condition, and, in many developed countries, complications related to high myopia are a major cause of blindness. It has been shown in histopathological studies that there is increasing scleral and retinal thinning with myopia. 1, 2 In myopic eyes, the globe is enlarged with increase in axial length and the stretching beyond normal dimensions may result in thinning of the retina. With the availability of modern imaging technologies, in vivo measurements of retinal thickness have been made possible, and the relationship between myopia and retinal thickness has been examined. [3] [4] [5] [6] [7] Of interest, contrary to the histopathologic findings, in vivo imaging studies have not identified an association between retinal thickness and the axial length of the eye. Lim et al. 3 measured the macular thickness with horizontal and vertical linear scans with the first generation of OCT (OCT 1; Carl Zeiss Meditec, Inc., Dublin, CA) in myopic subjects and concluded that average macular thickness did not vary with myopia. This is in agreement with an earlier study by Wakitani et al., 4 who used a similar study design with the second generation of OCT (Humphrey 2000 OCT system; Carl Zeiss Meditec, Inc.). In a recent study, Zou et al., 5 using a retinal thickness analyzer (RTA; Talia Technology Ltd., Neve-Lian, Israel), found no significant difference in any of the RTAmeasured parameters between emmetropic and myopic eyes. Although reduced retinal thickness was demonstrated in eyes with axial length greater than 24 mm in the RTA study by Chan et al., 6 no significant correlation was detected between axial length/refractive error and retinal thickness.
The disparity may stem from the relatively low scanning resolution and small sampling density of the measuring devices used in the earlier studies. Both OCT 1 and OCT 2000 allow 100 A-scans in a linear scan with axial resolution of ϳ12 to 15 m, and only two to four linear scans over the macular region were captured in previous studies. 3, 4 Although a higher sampling density can be achieved with RTA with 16 optical sagittal cross sections 187 m apart covering an area of 3 mm 2 , the lower axial resolution (52 m) and the longer scanning time with the RTA compared with the OCT may render retinal thickness measurements less accurate. Currently, the StratusOCT (Carl Zeiss Meditec, Inc.) is the only commercially available imaging device that allows axial scanning resolution less than 10 m for measurement of retinal thickness. In this study, we re-examined the relationship between retinal thickness and myopia with the StratusOCT to see whether it would support the histologic and clinical observations.
METHODS

Subjects
One hundred forty-three Chinese patients who met the inclusion criteria were consecutively recruited during the period from October 2005 to March 2006 at the University Eye Center, The Chinese University of Hong Kong. All subjects underwent a full ophthalmic examination including visual acuity, refraction, intraocular pressure measurement with Goldmann tonometry, dilated fundus examination with stereoscopic biomicroscopy of the optic nerve head under slit lamp, indirect ophthalmoscopy, refraction, and A-scan ultrasound biometry. Other than refractive error, all included eyes had no concurrent disease and had best corrected visual acuity of at least 20/40. Subjects were divided into three diagnostic groups according to refractive status: (1) high myopia (spherical equivalent Ͻ Ϫ6.00 D); (2) low to moderate myopia (spherical equivalent between Ϫ0.50 and Ϫ6.00 D); and (3) nonmyopia (spherical equivalent between Ͼ Ϫ0.50 and ϩ3.50 D). Subjects with clinical evidence of myopic macular degeneration, intraocular pressure more than 21 mm Hg, visual field defects (see below), history of intraocular surgery, refractive surgery, neurologic diseases or diabetes were excluded. In one randomly selected eye, optical coherence tomography was performed. The study was conducted in accordance with the ethical standards stated in the Declaration of Helsinki and approved by the local clinical research ethics committee, with informed consent obtained.
Optical Coherence Tomography
Optical coherence tomography was performed with OCT version 3 (StratusOCT; Carl Zeiss Meditec, Inc.). Retinal thickness over the macula was delineated in the scan as the distance between the first signal from the vitreoretinal interface and the signal from the anterior boundary of the retinal pigment epithelium. The fast macular thickness scanning protocol was used, in which six 6-mm lines (oriented 30°a part) in a radial spokelike pattern are acquired in a continuous automated sequence. Each of the six linear scans is composed of 128 equally spaced, transverse A-scans. The calculation of macular thickness is based on the 6-mm retinal thickness map analysis printout. The map is composed of nine sectorial thickness measurements in three concentric circles with diameters of 1, 3, and 6 mm (Fig. 1) . The area bounded by the outer (6-mm) and middle (3-mm) circles forms the outer ring, and the area bounded by the middle (3-mm) and inner circles (1-mm) forms the inner ring. The inner and outer rings are divided into four quadrants: superior, nasal, inferior, and temporal. The central 1-mm circular region represents the foveal area. Total average macular thickness, average and four-quadrant macular thicknesses in the inner (1-3 mm) and outer (3-6 mm) rings, and the central 1-mm fovea thickness were analyzed in the study. High reproducibility of retinal thickness measurements by StratusOCT has been demonstrated in other studies. 8, 9 All the scans had signal strength of at least 7. In addition, all the macular images were checked to ensure that the foveal depression was evident in the center of the scan. No abnormal vitreoretinal traction or retinoschisis was identified. Two subjects were excluded because of the incidental finding of a lamellar macular hole.
Visual Field Testing
Standard visual field testing was performed with the static automated white-on-white threshold 24-2 SITA standard strategy (Humphrey Field Analyzer II; Carl Zeiss Meditec, Inc.). A visual field was defined as reliable when fixation losses and false-positive and -negative rates were less than 25%. A visual field defect was defined as having three or more significant (P Ͻ 0.05) non-edge-contiguous points with at least one at the P Ͻ 0.01 level on the same side of the horizontal meridian in the pattern deviation plot and classified as outside normal limits in the Glaucoma Hemifield Test.
Statistical Analysis
Statistical analyses were performed (SPSS version 11.0; SPSS Inc., Chicago, IL), and differences in macular measurements among the three diagnostic groups were evaluated by one-way analysis of variance. Associations between macular measurements and spherical equivalent/axial length and age were examined by linear regression analysis and expressed as the Pearson correlation coefficient. P Ͻ 0.05 was considered statistically significant.
RESULTS
A total of 143 eyes with spherical equivalent ranging from ϩ3.25 to Ϫ18.13 D (mean Ϯ SD ϭ Ϫ6.13 Ϯ 4.52) and axial length ranging from 21.10 to 31.10 mm (mean ϭ 25.77 Ϯ 1.86) were analyzed. High correlation was found between axial length and spherical equivalent (r ϭ Ϫ0.879; P Ͻ 0.001). The refractive error and axial length distribution in each diagnostic 2 test ‡ Analysis of variance with Bonferroni conection. Significant differences were noted between nonmyopic and high-myopic groups (P Ͻ 0.001) and nonmyopic versus low-moderate myopic groups (P Ͻ 0.001).
group is shown in Table 1 . The mean age of the nonmyopic group (48.4 Ϯ 14.7 years) was significantly higher than that of the high myopic (37.5 Ϯ 8.1 years; P Ͻ 0.001) and low to moderate myopic (37.9 Ϯ 13.1; P ϭ 0.001) groups, but no significant correlation was detected between age and any of the macular measurements (Table 2 ). No significant difference was found in gender distribution among the groups (P ϭ 0.133). Table 3 presents the macular measurements stratified by gender. The minimum foveal thickness, average foveal (1-mm) thickness, and the superior, temporal and average inner ring macular thicknesses were significantly lower in the women. There was no significant difference in total average and outer ring macular thicknesses between the genders.
Total and regional macular thickness measurements in each group are summarized in Table 4 . Although no significant difference in inner ring macular thicknesses was found among the groups, the average outer ring macular thickness was significantly lower in the high myopic eyes than the low to moderate myopic (P ϭ 0.015) and the nonmyopic (P Ͻ 0.001) eyes. In contrast, the average foveal (1-mm) thickness was significantly higher in the high myopic eyes than in the other groups (low to moderate myopia, P ϭ 0.002; nonmyopia, P ϭ 0.019).
The relationships between macular thickness and refractive error/axial length were analyzed by using linear regression analysis (Table 2) . Total macular thickness decreased with increasing axial length (r ϭ Ϫ0.311; P Ͻ 0.001) and negative spherical equivalent (r ϭ 0.316, P Ͻ 0.001; Fig. 2) . Analyses on the individual quadrants identified significant correlations only in the outer ring macular thicknesses. Average foveal thickness, in contrast, increased with increasing axial length (r ϭ 0.374; P Ͻ 0.001) and negative spherical equivalent (r ϭ Ϫ0.320; P Ͻ 0.001; Fig. 3 ). Table  5 presents the linear regression analysis results in the age group 23 to 28 years. This group was analyzed because it represented the youngest age group in a narrow age range. A similar pattern of correlations was observed, and significant correlations were evident between the average macular thickness and axial length/refractive error.
DISCUSSION
Contrary to histologic findings and clinical observations that retinal thinning or chorioretinal atrophy is more common in myopia, 2,10 -12 the correlation between average macular thickness and myopia has been found to be insignificant in previous in vivo imaging studies. [3] [4] [5] [6] [7] With the use of the StratusOCT (Carl Zeiss Meditec, Inc.), which provides a higher axial scanning resolution and sampling density, we found that there was a negative correlation between total macular thickness and axial length (positive correlation with spherical equivalent) and a positive correlation between foveal thickness and axial length (negative correlation with spherical equivalent).
In myopic eyes, the elongation of the globe leads to mechanical stretching and thinning of the retina. It is conceivable that the extent of the elongation would be related to the degree of retinal thinning. The lack of correlation between axial length/refractive error and retinal thickness in previous 4 proposed that the periphery, rather than the central retina, is thinner in myopic eyes. The absence of large blood vessels and optic fibers could render the peripheral retina less resistant to traction and stretch, and the decrease in peripheral retinal thickness may compensate for the stretching force over the entire retina to preserve the central retinal thickness. This conclusion is supported by Lim et al., 3 who also suggested that retinal thinning in myopia is more common in the peripheral retina. In the present study, we found that the outer ring (3-6 mm), but not the inner ring (1-3 mm), macular thicknesses decreased in eyes with a greater degree of myopia. Similarly, the negative correlations found between the outer ring but not the central retinal thicknesses and axial length agreed with the hypothesis that the retinal thickness in the most central area is preserved in high myopia.
It is interesting to note that although the outer ring macular measurements decreased with axial length, the foveal minimum and foveal (1-mm) thickness increased. In fact, Lim et al. 3 also reported a positive correlation between axial length and minimum foveal thickness. However, they suggested that it was the poorer and off-foveola fixation in highly myopic eyes that accounted for the association. In this study, the central fixation was confirmed in each patient by observing the location of the foveal depression at the center of each macular scan. Therefore, off-foveola fixation was highly unlikely with the present data. Although myopic foveoschisis could result in foveal thickening, none of the recruited subjects was found to have this, and those with macular abnormalities had been excluded from the study. Our findings of increased minimum foveal/foveal (1-mm) thickness with axial length may be related to the retinomotor movements of the photoreceptors. In a form-deprivation myopia animal model, it was observed that the photoreceptor outer segments were elongated. 13 However, this increase in foveal thickness could also be an early sign of vitreoretinal traction in highly myopic eyes. A longitudinal follow-up study would be needed to address this question fully.
In this study, the minimum foveal, average foveal (1-mm), and average inner ring macular thicknesses were significantly lower in the women (Table 3) . These findings are in agreement with several studies, 14 -16 suggesting an influence of gender on absolute central retinal thickness measurements. The reduced foveal thickness in women is compatible with the observation that they have a higher risk of development of macular holes, 17, 18 as the sequence of macular hole development has been suggested to begin with foveal thinning, although the exact pathogenesis is still unclear.
19 And yet, if foveal thinning represents a risk factor, it would be difficult to explain why highly myopic eyes had greater foveal thickness than did with low to moderate myopic and nonmyopic eyes (Table 4) , because it is well known that macular hole development is more common in high myopia. However, as mentioned, the increase in foveal thickness could also be an early subclinical sign of vitreoretinal traction in highly myopic eyes. The incomplete and abnormal vitreous detachment and liquefaction that are more commonly found in high myopic eyes are probably more causative in the pathogenesis of macular holes.
In the present study, although there was a relatively wide age spectrum (23-77 years), age was found to have no significant correlation with any of the macular thickness parameters, in line with findings in other studies, [5] [6] [7] 20 although a few have suggested that macular thickness decreases with age. 21, 22 Similar direction of correlations between the minimum foveal thickness, outer macular thickness, total macular thickness, and axial length were observed in the youngest age group (23-28 years) which supports these associations are robust ( Table 5 ). The finding of negative correlation between the inner macular thickness and axial length/spherical equivalent in the youngest age group compares favorably with a recent epidemiology study in children by Huynh et al., 23 who reported that retinal thinning with increasing axial length occurs in the outer and inner macular regions, but not in the central macula. However, the reason for the difference in the regional correlations between different age groups remains obscure. Further study with a larger sample size is needed to investigate whether there are age-related patterns in the correlations between macular thickness and axial length/refractive error.
Nevertheless, the findings in the present study are important in helping clinicians to understand the pattern of regional variations in macular thickness in myopia. The observations suggest that refractive error should be a consideration in the interpretation of retinal thickness normograms, and, as the current normative database in the StratusOCT database does not take this into account, clinicians should be aware of the effect of refractive error when evaluating the significance of a particular macular thickness in aiding diagnosis and monitoring of diseases such as diabetic macular edema or glaucoma in patients with myopia.
The limitation of the StratusOCT macular thickness map is that it is derived from only six linear scans over a 360°area in the transverse plane. Mathematical interpolations are used to derive thickness estimations for the spaces in between. However, the macular thickness map is the only analysis protocol available in the StratusOCT that provides regional macular thickness measurements and is widely used in clinical practice. Another limitation relates to magnification in myopic eyes. The default axial length and refraction in every OCT scan is 24.46 mm and 0.0 D, respectively. Although one can input the patient's axial length and refractive correction (spherical equivalent), they have no impact on magnification during scanning. Because the scan length in the fast/standard macular thickness scanning protocols cannot be adjusted in the StratusOCT, the actual scan length in a myopic eye could be longer than 6 mm, because of the magnification's effect (as a result of the change in refractive power and axial length), although the actual thickness measurement in the axial direction does not depend on these factors. Although the magnification's effect is minimal on the measurement of central macular or foveal thickness, it may lead to slight underestimation of thickness in the peripheral retina. As a result, the strength of the correlation between outer macular thicknesses and axial length or spherical equivalent may be reduced. Nevertheless, the findings in this study are clinically relevant and important in the interpretation of OCT macular thickness measurements, since the 6-mm fast/ standard macular thickness scans have become the standard scanning approach in clinical practice and in clinical studies.
In summary, there are regional variations of association between macular thickness and myopia with positive correlation between axial length and foveal thickness and negative correlation with the outer ring (3-6 mm) macular thickness. The fact that the outer ring (3-6 mm) dominates 75% of the 6-mm macular region results in the observation that the average macular thickness (6-mm) decreases with increasing degree of myopia. Evaluation of macular thickness in macular diseases and glaucoma should always be interpreted in light of the degree of refractive error and the region of measurement. 
